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Abstract 
A two-dimensional array of spots of deposited nanoparticles as small as 7×7 μm was fabricated 
on a polymer film using a modified commercial nanometer aerosol sampler (NAS; TSI-model 
3089) coupled with a surface-discharge microplasma aerosol charger (SMAC). The charged 
aerosol particles were electrostatically focused by a metal mesh (electrically grounded) on the 
polymer film (insulator) and electrode (3 kV). The effect of mesh geometry on the concentration 
ratio (focusing ratio × collection efficiency) was evaluated using monodisperse polystyrene latex 
particles with diameters of 48, 100, and 300 nm. The electrostatic focusing effect was also 
analyzed by a numerical simulation of the electrostatic field. The two-dimensional patterning of 
nanoparticles is an effective method in concentrating particles for the subsequent observation and 
chemical analysis of aerosol particles. In our experiments, the SMAC-NAS system achieved a 
net concentration ratio of more than 20 times for 48- and 100-nm particles, which would 
significantly shorten the aerosol-sampling time. The particle deposition patterns formed on a 
transparent polymer film may provide samples for analyzing the transmittance, luminescence, 
and other optical characteristics of deposited nanoparticles. 
 
1. INTRODUCTION 
 Electrostatic deposition of charged particles on a solid substrate is a widely used technique for 
sampling and analyzing aerosol particles such as electrostatic precipitators and aerosol samplers 
(Fierz et al., 2007). Nanoparticles (particles of less than 100 nm in diameter) generally require a 
rather long sampling time due to their low charging probability and small mass. Although an 
effective charging method such as corona discharge can attain a high charging efficiency for 
nanoparticles, it is always accompanied with significant loss of nanoparticles within the charger. As 
a workaround, commercialized nanometer aerosol samplers (for example, NAS; TSI model 3089) 
target the collection of nanoparticles with an original electrical charge after the electrical mobility 
classification. 
Focused deposition techniques for nanoparticles on specific ‘spots’ on a substrate have been 
developed for fabricating various nanoparticle-based devices. Lim et al. (2012), for example, 
reported on the focused deposition of aerosol nanoparticles using a transfer technique with 
photoresist. They successfully fabricated deposition patterns as small as 0.9 μm in diameter, a scale 
that permits use in nanoparticle-based devices.  
Focused deposition by this technique is also effective for concentrating nanoparticles for the 
subsequent aerosol chemical analyses. Fierz et al. (2007), for example, developed a portable 
electrostatic sampler for the observation of aerosol particles with a transmission electron microscope 
(TEM). They used a sampling electrode as small as the TEM observation grid (ø3 mm) to 
concentrate aerosol on a confined area. Judging from their TEM images, a surface coverage of 
around 1 to 10 % of the total area might be sufficient for the stochastic analysis of particles. Here, 
the surface coverage ratio for TEM observation, Sd, can be calculated as Sd=C×Q×Δt×Ap/A, where C 
is the aerosol concentration, Q is the flow rate, Δt is the sampling time, Ap is the particle cross 
sectional area, and A is the deposition area. The estimated sampling time for 10%-coverage of the 
TEM grid (ø3 mm) by a uniform deposition of 100-nm particles is as long as about 6 hrs (for the case 
of C=104 particles/cm3 and Q=1 L/min). Methods for the chemical analysis of nanoparticles such as 
optical transmittance and spectroscopy may require more surface coverage (Sd of more than 100 %, 
at least), which requires a significantly long sampling time. The focused deposition of nanoparticles 
in micron scale thus offers great benefits by reducing the sampling time and enhancing the time 
resolution of the analysis.  
In this study we developed a method to focus the deposition of nanoparticles using a commercial 
nanometer aerosol sampler (NAS; TSI-model 3089) with simple improvements, coupled with a 
surface-discharge microplasma aerosol charger (SMAC; Manirakiza et al., 2011) for high throughput 
aerosol charging. The charged aerosol flux was focused simply by placing a metal mesh (electrically 
grounded) on a polymer film (insulator) and electrode (3 kV). In this paper, we describe the 
experimental setup and the results, and discuss the effects of the particle diameter and mesh 
geometry on the focused deposition of nanoparticles. 
 
2. IMPROVEMENT OF NAS-MODEL 3089 
 Figure 1 shows the basic configuration of the improved substrate holder of the NAS. The 
substrate holder of the original NAS is composed of a metal electrode (8 mm in diameter) 
surrounded by an insulator (40 mm outer diameter). In order to enhance the electric field from the 
nozzle to the substrate (global field), we placed an electrode with a larger diameter (metal steel plate 
[c]; 23 mm in diameter and 0.3 mm in thickness) on the original electrode [b]. A transparent polymer 
film [d] (PEN film, Teijin DuPont Films, Teonex®, thickness 100 μm) is used as a substrate for 
particle deposition. To focus the electric field (local field), a stainless steel mesh (SUS mesh #200 - 
#30; listed in Table 1) which is commercially available for screen printing is placed on the PEN film. 
The focal area can be adjusted by changing the SUS mesh of different openings from 97 to 510 μm 
and wire diameters ranging from 30 to 340 μm. An SUS cover with a single 20-mm diameter hole is 
placed on the SUS mesh [f]. This SUS cover serves to both concentrate the electric field to the center 
of the electrode (shown later) and allow electrical contact with the SUS mesh. The SUS mesh and 
holder are both electrically grounded (the same electrical potential as the casing). The small gap 
between the electrode and mesh (100 μm) limits the maximum applied voltage to the electrode to 3 
kV. This voltage was found to be sufficient in fabricating the nanoparticle deposition patterns 





The electrostatic field in the sampler was calculated by a conventional software (EStat, Field 
Precision LLC, Advanced Science Laboratory) to analyze the focusing effect. The simulation was 
conducted by numerically solving Poisson’s equation with the two-dimensional finite element 
method. Figure 2 shows the typical calculation result for an electrostatic field in the vicinity of the 
electrode. As the figure shows, the PEN film (relative dielectric constant of 3) is placed between the 
metal electrode (+3 kV) and mesh (0 V). The four circles in Figure 2 represent the cross section of 
the SUS mesh (opening of 97 μm, wire diameter of 30 μm, electrically grounded). The upper area of 
the film and mesh is free space (nitrogen, relative dielectric constant of 1) where the charged aerosol 
is to be transported. Figure 2 shows the lines of electric force (solid lines) and the electric field 
strength (color). As shown in this figure, the lines of electric force are successfully deflected from the 
metal mesh (grounded) and penetrate to the PEN film (insulator) toward the electrode (+3 kV). A 
similar focusing effect and particle trajectory were also numerically calculated for a charged-up 
photoresist surface by You and Choi (2007). The charged particles are expected to follow these lines 
of force and deposit on the localized area in the mesh opening. The focusing efficiency is estimated 




The electrically grounded mesh is effective in focusing the local electric field on the substrate, but 
it also suppresses the transport of the charged aerosol from the inlet nozzle to the substrate by 
reducing the strength of the ‘global’ electric field. Figure 3 shows a typical electric field calculated 
for the whole area of sampler under four different conditions: (a) the original configuration with the 
metal plate mounted (20 mm diameter) and polymer film, (b) with the modification of inlet nozzle, 
(c) with the metal cover, and (d) with both the metal cover and mesh (#200 mesh with opening of 97 
μm, wire diameter of 30 μm). The calculation condition and method are the same as those in Figure 2, 
but the number of calculation mesh in the domain was increased from the one employed in Figure 2 
(20,000 mesh) to 1,670,000 for Figure 3 (a) ~ (c) and to 4,870,000 for Figure 3 (d) . The white 
regions in Figs. 3 are the regions where the electric field strength exceeds 1.0 × 105 V / m. The 
electric field shown in Figure 3 (a) spreads out over a fairly wide area towards the casing. The trend 
is the same in Figure 3 (b), even after the modification of inlet nozzle (inner diameter of 8 mm, 
nozzle-to-plate distance of 5 mm). When the electrode is covered with the electrically grounded 
metal holder with the 20 mm hole (see Figure 1 for detail), as shown in Figure 3 (c), most of the 
electric field is concentrated toward the electrode and the strength of the electric field is maintained 
(about 440 kV/m). It is seen in Figure 3 (d) that the metal mesh cover on the polymer film creates a 
local focusing field (Figure 2), but it also leads to the reduction in ‘global’ electric field from the 
nozzle to the electrode (about 54 kV/m with a mesh #200). Consequently, the mesh geometries 
should be carefully chosen to obtain a sufficient electric field for conveying the charged 
nanoparticles toward the electrode. In the next section we describe the experimental evaluation of 
this effect.  
 
<Figure 3> 
 3. EXPERIMENTAL 
The performance of improved NAS was experimentally investigated using polystyrene latex (PSL) 
standard particles. Figure 4 shows the experimental setup. Test particles (PSL; 48, 100, and 300 nm) 
were generated by a Collison type atomizer and diffusion dryer. The 300-nm PSL particles were 
fluorescent under ultraviolet (UV) irradiation for visualization of deposition patterns. The test 
particles (48 and 100 nm) were electrically neutralized with an 241Am neutralizer and then classified 
by a differential mobility analyzer (long DMA, TSI model 3081, Sheath flow rate was set to 15 
L/min). The 300 nm PSL particles were used without the size classification. A surface-discharge 
microplasma aerosol charger (SMAC, Manirakiza et al., 2011) was used as an additional charging 
device for high-throughput unipolar aerosol charging to increase the efficiency of the particle 
deposition. Although Manirakiza et al. (2011) used SMAC to investigate the high-efficiency 
charging of nanoparticles of less than 10 nm, we applied it for the multiple charging of larger PSL 
particles. In our preliminary experiments we attained an average number of 3 elementary charges for 
48-nm particles and 8 elementary charges for 100-nm particles, and accordingly expected to obtain 
electrical mobility of 3.33×10-7 for 48-nm particles and 2.34×10-7 m2/(s V) for 100-nm particles. The 
deposition chambers used in the present experiment were those shown in Figures 1, 2, and 3. The 
aerosol flow rate was fixed at 0.3 L/min with a pump of the condensation particle counter (CPC, TSI 
model 3775). The CPC also monitored the particle concentration with and without the voltage 
applied to NAS, in order to measure the collection efficiency, Ecoll, on the substrate (PEN film). The 
typical deposition time was about 60 min and the aerosol concentration was in the order of 103 
particle/cm3. After the particle collection, the size and shape of deposition patterns were observed by 
a scanning electron microscope (SEM, HITACHI S-4500). In the runs using the fluorescent PSL 
particles (300 nm), the deposited film were illuminated by UV light (wavelength 254 nm) and the 
fluorescent patterns were recorded by a digital camera. As an additional experiment, we also changed 
the opening and wire diameter of the SUS mesh (Table 1). The effectiveness of the electrostatic 
focusing, Rfocus, was calculated by the area of particle deposition pattern, Adep, and the corresponding 
mesh area, Amesh:  
Rfocus = Amesh /Adep = (mesh opening + dw)2 / (pattern size)2 
where dw which denotes the diameter of wire. To evaluate the efficiency with which the particles 
were deposited in a concentrated pattern for the subsequent chemical analysis, we defined the 
following net concentration efficiency, Rconc, as, 




4. RESULTS AND DISCUSSION 
Figure 5 shows the typical scanning electron micrograph of surface of the PEN film after 60-min 
deposition of 100-nm PSL particles using the SUS mesh #200 with a 97 μm opening and wire 
diameter of 30 μm. It is clearly seen in Figure 5 that the particles were deposited in four localized 
square spots, each of which is about 7 μm in width. This deposition pattern was formed over the 
entire deposition area (ø20 mm) with some deviations in density of particle deposition. The focusing 
ratio, Rfocus, is equal to 330 (= (97+30)2/72). Since the particle collection efficiency was Ecoll = 0.10, 
the net concentration efficiency Rconc is 33 (=0.10×330). In total, 33-fold concentration (sampling 
time reduction to 1/33) was achieved with the improved NAS. 
Figures 6 (a) to (f) show the deposition patterns of 48-nm and 300-nm PSL particles using three 
types of SUS meshes. These figures clearly show the regular deposition patterns on the PEN film. 
We also see in these figures that an increases in mesh opening leads to a larger deposition spot area 
and correspondingly a lower particle density. Furthermore, we may observe in Figure 6 that the 
shape of deposition spots changes from squares ((a) and (d)) to corner-rounded diamonds ((c) and 
(f)) as the mesh opening increases. The change in shape of deposition spot probably resulted from a 
deformation of the electrostatic field caused by the overwrapping of electrical fields at the 





In Figure 7, the measured spot size of particle deposition is plotted as a function of the mesh 
opening. Since the shape of deposition spots changed from squares to corner-rounded diamonds, the 
measured sizes are plotted with the error bars (±1 standard deviations of Felet diameters of spots). 
The spot size increases almost linearly with the mesh opening. The same tendency was also found 
for the different particle diameters and wire diameters studied in the present experiment. Table 2 
summarizes the experimental conditions under which we were successful in creating deposition 
patterns. Note that we were not able to determine the collection efficiency of 300-nm particles 
because of the generation of residual particles during the atomization.  
Figure 8 shows the calculated width of the lines of electric force (focusing width) as a function of 
the mesh opening and wire diameter. The focusing width, W, was obtained by tracing the lines of 
electric force starting from the upstream to the film surface (shown in the inset of Figure 8). Figure 8 
shows that the focusing width (spot size) decreases with reducing the mesh opening, as found in the 
experiment. In the simulation, the focusing effect was predicted to be more significant for the mesh 
with a thicker wire. In contrast, the measured pattern sizes (Figure 7) are larger than the sizes 
predicted by the simulation, and no clear tendency versus the wire diameter could be experimentally 
observed. We therefore speculate that the aerosol trajectory is affected by the other deposition 
mechanisms such as the diffusion, inertia, or local turbulence in the flow. We performed preliminary 
numerical simulation of particle trajectory using a conventional software, COMSOL Multiphysics® 
(COMSOL Inc.) with considering the electrostatic force, inertia and gas flow. As shown in 
supplement information (Figure S3), the focusing width calculated by particle trajectory were 
basically similar to those calculated from the width of the electric field (Fig. 8). Thus we may 







When we use this collection device for aerosol chemical analyses, we should also consider the net 
concentration efficiency. Table 2 lists the aerosol collection efficiency, Ecoll, focusing ratio, Rfocus, and 
concentration ratio (=Rfocus×Ecoll) for all experimental conditions where particle deposition was 
observed. Smaller openings were preferable for the fabrication of smaller spots as shown in the Table, 
but they also lowered the collection efficiency because of the lower global electrostatic fields. Figure 
9 shows the plots of the collection efficiency against the mesh opening ratio (=open area/total area). 
It shows that the collection efficiency is a function of the mesh opening ratio. A mesh opening ratio 
larger than 40 % was required for the focused particle deposition, which corresponds to the electric 
field strength of the order of 105 V/m (Figure S1). Note that the collection efficiency was low (less 
than 25%) under our experimental conditions because the electrostatic force was not enough strong 
to defy the aerosol flow.  
 
<Figure 9 (a), (b)> 
 
In summary, the mesh geometry (mesh opening and wire diameter) and deposition time for 
fabricating the desired deposition pattern should be carefully selected in consideration of the spot 
size and aerosol concentration required. As shown in Table 2, a smaller mesh opening increased the 
focusing ratio but decreased the collection efficiency. Therefore, #200 mesh would be suitable for 
fabricating as small a spot as possible (less than 10 m), but the collection concentration efficiency 
with such a mesh would be less than 10 %. If one wishes to take advantage of the shorter deposition 
time for aerosol sampling rather than the spot size, or to target the collection of aerosol at an 
extremely low concentration, #40B mesh would exhibit a higher collection efficiency than the other 
meshes because of the largest mesh opening ratio. In both applications, a focused aerosol deposition 
may contribute to a rapid and highly sensitive aerosol sampling.  
The smallest pattern size attained in our experiments was 7 μm, as we were unable to find the 
condition for successful deposition with an opening of smaller than 97 μm. Lee et al. (2011) and Lim 
et al. (2012) were successful in fabricating a sub-micron pattern using a special pretreatment 
(nanoxerography technique). We believe, however, that the pattern size in our simple system may 
suffice the concentrating aerosol particles for chemical analysis. Chemical analysis methods such as 
micro-Raman spectroscopy are typically performed with laser beams of only a few microns in 
diameter (Guedes et al. 2008), and laser-induced breakdown spectroscopy is performed with a laser 
beam of a 100-μm in diameter (LIBS, Park et al., 2009). A key advantage of our system for those 
optically-probed analyses is its ability to deposit particles on a transparent polymer film. As an 
example, two-dimensional array of deposited patterns composed of fluorescent PSL particles (300 
nm) illuminated by UV light was shown in Figure S3 in the supplement information.  
 
5. SUMMARY 
Our group achieved the focused deposition of charged particles on a polymer film using a 
commercial nanometer aerosol sampler (NAS Model 3089) with simple modifications. We analyzed 
the electrostatic focusing effect by numerically calculating the electrostatic field. An SUS mesh 
integrated with the sampler proved to be successful in both fabricating a uniform two-dimensional 
pattern of deposited nanoparticles with diameters as small as 7μm and in concentrating aerosol 
particles by more than 20 times. We expect this new technique to be applied to various systems for 
rapid and highly sensitive aerosol sampling and analysis. 
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FIG. 1  Basic design of the improved sampling holder for the NAS model 3089 
 
FIG. 2  Calculated electric field near the surface of the polymer film (local field) 
 
FIG. 3  Calculated electric field (global field) 
 
FIG. 4  Schematic diagram of the experimental setup 
 
FIG. 5  Micro array generated on the polymer film (PSL particles of 100-nm diameter) 
 
FIG. 6  Scanning electron micrographs of nanoparticle deposition patterns: (a) to (c) dp=48 nm, (d) 
to (f) dp=300 nm. Mesh openings and wire diameters: (a), (d) 97 μm / 30 μm (#200), (b), (e) 300 μm / 
120 μm (#60B), (c), (f) 500 μm / 140 μm (#40B) 
 
FIG. 7  Width of the nanoparticle pattern generated on the polymer film plotted against the size of 
the mesh opening 
 
FIG. 8  Width of the lines of electric force plotted against the mesh opening  
 


























(b) Only film with 
modified nozzle
(c) With stainless  
steel cover






































































































































(a) dp=48 nm (b) dp=100 nm
